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Here we explore the structural, magnetic and dielectric properties of Co based compound
Na5Co15.5Te6O36 as a candidate of short-range magnetic correlations driven development of dielec-
tric anomaly above Néel temperature of (TN=) 50 K. Low temperature neutron powder diffraction
(NPD) in zero applied magnetic field clearly indicates that the canted spin structure is responsible
for the antiferromagnetic transition and partially occupied Co form short range magnetic correla-
tion with other Co, which further facilitates the structural distortion and consequent development
of dielectric anomaly above antiferromagnetic transition. Additionally, the temperature dependent
magnetic heat capacity and electron spin resonance measurements reveal the presence of short-range
magnetic correlations which coincides with an anomaly in the dielectric constant vs temperature
curve. Moreover, significant changes in the lattice parameters are also observed around the same
temperature, indicating presence of noticeable spin-lattice coupling. Further, sharp jump in the
magnetic field dependent magnetization clearly indicates the presence of metamagnetic transition
and magnetic field dependent NPD confirms that rotations of Co spins with applied magnetic field
are responsible for this metamagnetic phase transition. As a result, this transition causes the
magnetocaloric effect to be developed in the system, which is suitable for the application in low
temperature refrigeration.
I. INTRODUCTION
The exploration of multiferroic materials have been the
focus of extensive research in recent years due to their po-
tential applications in electronic devices like Spintronic
devices, Information storage devices, Spin valve, Quan-
tum electro magnets, Microelectronic devices, Sensors
etc. as well as their importance on fundamental science
understanding1,2. Based on the microscopic origin of
ferroelectricity, multiferroic materials are classified into
two different groups, namely, proper and improper mul-
tiferroics. In case of proper multiferroics, the sources
of ferroelectricity and magnetism are different and they
respond independently, though some coupling between
them may be present. The spontaneous electric polar-
ization in these materials (P ) is often large (∼10-100
µC/cm2)3,4. There are several mechanisms for develop-
ing ferroelectricity in this class of multiferroioc materi-
als, such as i) ferroelectricity due to lone pair (PbTiO3,
Pb3TeMn3P2O14, BiMnO3, BiFeO3, SnTiO3 etc.)
5–10, ii)
ferroelectricity due to charge ordering (Pr0.5Ca0.5MnO3,
RMnO3, TbMn2O5, LuFe2O4)
11–14, iii) geometric fer-
roelectricity (YMnO3)
15 etc. But in case of improper
multiferroicity, ferroelectricty appears due to the devel-
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opment of particular spin order which breaks the lattice
inversion symmetry through exchange striction, thereby
inducing a small amount of spontaneous polarization
(∼10−2 µC/cm2)3,4. In these cases, external magnetic
field influences the arrangement of magnetic structure,
generally leading to changes in dielectric properties. Due
to the strong magnetoelectric coupling (ME), improper
multiferroic materials are more important from the ap-
plication point of view. Both noncollinear (TbMnO3,
Ni3V2O6, MnWO4)
4,16,17 and collinear (Ca3CoMnO6)
18
magnetic structures can generate ferroelectricity in the
system. Spiral magnetic order, resulting from magnetic
frustration, develop exchange striction which is associ-
ated with the antisymmetric part of the exchange cou-
pling and constitutes Dzyaloshinsky-Moriya (DM) inter-
action16,17,19,20. In case of collinear magnetic order, lat-
tice relaxation through exchange striction is associated
with the symmetric superexchange coupling18,21.
Surprisingly, short-range magnetic correlation driven
multifferoicity has been less explored till date. There
are few compounds such as Ca3Co2O6, Er2BaNiO5
which show displacive-type ferroelectricity involving off-
centering of the magnetic ion due to short-range mag-
netic correlation22,23. Another langasite compound
Pb3TeMn3P2O14 which shows covalency driven modu-
lation of paramagnetism and development of ferroelec-
tricity6. Co based compounds are important in this con-
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text, where possible existence of different Co-oxidation
states (+2, +3 and +4), with several local coordina-
tions (tetrahedra, octahedra, trigonal prism and so on)
around Co and most importantly various spin states
within same Co valance often offer intriguing physical
properties23–25. Therefore we choose one Co based com-
pound Na5Co15.5Te6O36
26, where two types of local coor-
dinations (octahedra and trigonal prism) of single valance
Co (2+) are present and the super-exchange interaction
pathways within edge shared Co2+ octahedras are around
90◦, while corner connected Co-O-Co bond angles are
around 120◦ which signify the presence of two types of
magnetic interactions. Another interesting thing is that
here some Co and Na are distributed inhomogeneously
because they are occupying same position with occu-
pancy 0.63 and 0.37 for Na and Co respectively. This
gives rise to local inhomogeneity and as a result, we may
expect that this compound would possess only short-
range magnetic correlations.
Here we have discussed the crystal structure, magnetic
structure and dielectric properties of the system. Low
temperature magnetic structure (from Neutron powder
diffraction) revels the presence of canted antiferromag-
netic ordering. In addition to the antiferromagnetic tran-
sition (TN ), the dc magnetic susceptibility measurements
further suggest the presence of short range ferromagnetic
correlation above TN , while an anomaly is observed at
the same temperature in temperature dependent dielec-
tric data as well as lattice parameter variations, indicat-
ing the presence of magnetoelectric coupling in the sys-
tem. Further electron spin resonance and magnetic heat
capacity support the presence of short-range magnetic
correlation above the Néel temperature (50 K). The sys-
tem also exhibits a metamagnetic transition in magnetic
field dependent isothermal magnetization measurement,
inducing the magnetocaloric effect in the system, which
is suitable for the application in low temperature refrig-
eration. In addition, magnetic field dependent NPD con-
firms that rotations of Co spins with applied magnetic




Polycristalline sample Na5Co15.5Te6O36 (NCTO) was
prepared using conventional solid state reaction tech-
nique. NCTO sample were synthesized by taking stoi-
chiometric amounts of high purity Na2CO3 (Merck ≥ 99
%), TeO2 (Sigma-Aldrich 99.9995 %) and Co3O4 (Sigma-
Aldrich 99.99 %). The mixture was initially calcined at
600◦ C in air for 12 hour. The resultant mixture was then
reground and finally annealed at 800◦ C for 12 hour in
air. The phase purity of the sample was checked from X-
ray powder diffraction (XRD) measured at Bruker AXS:
D8 Advanced x-ray diffarctometer equipped with Cu Kα
radiation. Temperature dependent XRD were carried
out at RIGAKU Smartlab (9KW) XG equipped with
Cu Kα to realize the presence of temperatutre depen-
dent structural phase transitions. The obtained XRD
data were analyzed using Rietveld technique and refine-
ments of the crystal structure were performed by FULL-
PROF program 27. Neutron powder diffraction (NPD)
measurements were carried out on powder samples us-
ing the multiposition sensitive detector based focussing
crystal diffractometer set up by UGC-DAE Consortium
for Scientific Research Mumbai Centre at the National
Facility for Neutron Beam Research (NFNBR), Dhruva
reactor, Mumbai (India). NPD at room temperature and
3 K have been taken using a wavelength of 2.315 Å, while
field dependent NPD at 10 K have been performed using
a wavelength of 1.48 Å. The NPD data were analyzed via
refinement using the JANA2006 program28. Co K-edge
x-ray absorption fine-structure (XAFS) spectra were col-
lected at the XAFS beamline of the Elettra Synchrotron
Centre, Italy. The dc Magnetic measurements were car-
ried out using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, USA)
over a temperature range: 2-300 K in magnetic fields
upto ± 7 Tesla and also in a vibrating-sample mag-
netometer (Cryogenic, UK). For calculation of magne-
tocaloric effect, virgin curve of magnetic field dependent
magnetization (M −H) upto 16 T have been taken using
vibrating sample magnetometer (VSM) probe in a cryo-
genic physical property measurement system (PPMS).
The heat capacity was measured by relaxation method
in a quantum design physical property measurement sys-
tem (PPMS). The permitivities were measured using a
Hewlett-PacPrecision LCR meter (HP4284A) at an ac
level of 1 V mm−1. A cryogenic temperature system (Niki
Glass LTS-250-TL-4W) was used to control the temper-
ature within the range of 4 - 350 K. The dielectric hys-
teresis loops were measured using a ferroelectric measure-
ment system (Toyo Corporation FCE-3) equipped with
an Iwatsu ST-3541 capacitive displacement meter having
a linearity of 0.1% and a resolution of 0.3 nm. X-band
Electron paramagnetic resonance (EPR) measurements
were performed on a Jeol JES-200 spectrometer.
III. RESULTS AND DISCUSSIONS:
A. Structural and Electronic Characterization
Powder x-ray diffraction (XRD) data of
Na5Co15.5Te6O36 (NCTO) at 300 K confirms phase
purity and the structural refinement has been performed
by considering a hexagonal space group P63/m, which
is consistent with previous literature report26, as shown
in Fig. 1(a) and Table I. Temperature dependent X-ray
diffractions of NCTO compound have been performed
over a wide temperature range of 5-300 K. The Rietveld
refinements of these collected XRD patterns have been
done using the same space group P63/m. Further, room
3
 





































NPD at 300 K
 = 2.315 Å
(b) 
FIG. 1. (a)and (b) Rietveld refined XRD and NPD of NCTO
at room temperature respectively. Black open circles repre-
sent the experimental data and red line represents the calcu-
lated pattern. The blue line represents the difference between
the observed and calculated pattern and green lines signify
the position of Bragg peaks. (c) Refined crystal structure of
NCTO.
temperature neutron powder diffraction (NPD) of the
sample has been carried out to get exact position and
occupancy of lighter oxygen atoms, as shown in Fig.
1(b). Similar result like XRD was obtained from the
refinement of the powder neutron diffraction data at
room temperature. The crystal structure of NCTO
contains one formula per unit-cell, depicted in Fig. 1(c).
Here, both Te and Co are coordinated by six oxygen
ions but geometry of their polyhedra are different. Te
and Co(1) form a slightly distorted octahedra, while two
Co (Co(2) and Co(3)) make distorted trigonal prisms.
Both room temperature XRD and NPD reveals the pres-
ence of rare disorder between Co(3) and Na(3), where
site occupancy of Co(3) and Na(3) are 0.37 and 0.63
respectively. Among the Co polyhedra, Co(3)/Na(3)
polyhedra is larger due to the greater ionic radius of
Na+. Two nearest neighbor Co(3)/Na(3) distorted
trigonal prisms are connected via common face sharing
with each others, while Co(3)/Na(3) prism is attached
with Co(1) octahedra and Co(2) trigonal prism via edge
sharing and common face sharing respectively. On the
other hand, two Co(1) octahedra are connected via
edge sharing and one Co(1) octahedra is connected with
Co(2) trigonal prism via corner sharing.
In order to maintain the charge neutralization of the
sample, the oxidation state of Na, Co and Te should be
1+, 2+ and 6+ respectively. To know the valance state of
TABLE I. The sample NCTO is refined within a single crystal-
lographic phase using a hexagonal space group P63/m. Lat-
tice parameters of NCTO: a = b = 9.3231(9) Å, c = 9.0682(7)
Å, α = β = 90◦, γ = 120◦. Rwp = 14.51, Rexp = 8.16, χ
2 =
3.16.
Atom x(Å) y(Å) z(Å) Biso Occupancy
Te 0.6560(9) 0.0098(5) 0.0000 0.142(8) 1.0
Co(1) 0.3438(1) 0.9934(5) 0.0877(9) 0.213(5) 1.0
Co(2) 0.66667 0.33333 0.2500 0.213(5) 1.0
Na(1) 0.0000 0.0000 0.0000 0.258(4) 0.3
Na(2) 0.0000 0.0000 0.6520(6) 0.258(4) 0.5
Co(3) 0.33333 0.66667 0.0818(3) 0.213(5) 0.37
Na(3) 0.33333 0.66667 0.0818(3) 0.213(5) 0.63
O(1) 0.6904(4) 0.8883(8) 0.0908(6) 0.174(3) 1.0
O(2) 0.6097(7) 0.1400(2) 0.1007(4) 0.174(3) 1.0
O(3) 0.8805(1) 0.1732(6) 0.2500 0.174(3) 1.0
O(4) 0.4132(8) 0.8627(3) 0.2500 0.174(3) 1.0
TABLE II. Bond valance sum calculation.
Element Bond length (Å) valency




Co(2) 6*Co(2)-O(2) - 2.14 1.8
Co(3) 3*Co(3)-O(2) - 2.34 1.2
3*Co(3)-O(4) - 2.24
Na(3) 3*Na(3)-O(2) - 2.34 1.1
3*Na(3)-O(4) - 2.24




the cations we have carried out bond valance sum calcu-
lation (BVS) using the formula V =
∑
exp((R0-Ri)/b),
where V is the valance state of an cation, Ri is the ob-
served bond length, R0 is the tabulated parameter ex-
pressing the ideal bond length when the element i has
exactly valence 1 and b is an empirical constant, typ-
ically 0.37 Å, shown in Table II. Te, Co(1) and Co(2)
show 5.8, 1.9 and 1.8 oxidation state respectively but
surprisingly partially occupied Co(3) (with Na(3)) shows
1.2 valency which is much smaller than usual 2+, while
1.1 valency for Na. Therefore in order to accommodate
Co(3) at the Na(3) site, the Co-O bond length should be
changed and consequently a distortion would be devel-
oped in the Co(3) containing trigonal prism polyhedra.
As Co always has the tendency to be in a variety of
charge states as well as spin states in the Co based oxide
4 



























































































FIG. 2. (a) Normalized Co K-edge X-ray absorption near
edge spectra of NCTO (red curve), CoO(OH)(blue curve) and
CoO (green curve). Inset shows the first order derivative of
normalized data. XPS spectra of (b) Na 1s, (c)Te 3d, and (d)
O 1s. Black open circles and red lines are the experimental
and fitted data respectively. Green and violet line are the two
singlets for O 1s.
compounds29–31, precise estimation of Co oxidation state
in the present compound is of central importance in the
context of Co mediated physical properties. Therefore, to
know the true valency of Co, CoK-edge X-ray absorbtion
near edge spectroscopy (XANES) has been carried out
and presented in Fig. 2(a). Consequently, the first order
derivative of the normalized XANES spectrum (see inset
of Fig. 2(a)) identifies a pre edge peak at 7708.9 eV (Due
to 1s to 3d transition caused by 3d-4p mixing or dipole
allowed 1s to 4p transition32,33) and an absorption edge
peak at 7717.6 eV (Due to transition Co 1s orbital to
molecular orbital with Co 4p32,33). We have compared
the XANES of the experimental data (NCTO sample)
with those from CoO (being Co2+) and CoO(OH) (being
full Co3+), as shown in Fig. 2(a). The raising of the edge
on the data perfectly matches with the Co2+ state (see
Fig. 2(a)), which signifies the 2+ oxidation state of Co
in the sample34–36.
Further x-ray photoelectron spectroscopy (XPS) mea-
surements were carried out to confirm the oxidation
states of the constituent elements of this compound. The
core level Na 1s, Te 3d and O 1s spectra, along with their
reasonable fitting (shown in Figs. 2(b)-(d)) have clearly
indicated the respective charge states. The energy po-
sition of the Na 1s (1072.1 eV) clearly reveals the ex-
pected 1+ charge state37, while the peak positions of Te
3d doublets (576.8 eV, 587.2 eV) along with their energy
separation (10.4 eV) suggest 6+ valance state of Te in
NCTO38. The O 1s spectrum of NCTO has been fitted
by considering two singlets (see the green and violet line
of Fig. 2(d)), which signifies the presence of the multiple
oxygen site in this compound39.
B. Magnetic, Thermodynamic and Dielectric
Characterization
Thermal variations of magnetic susceptibility (χ) have
been measured under H = 100 and 500 Oe in the zero-
field-cooled (ZFC), field-cool-cooling (FCC), and field-
cool-heating (FCH) conditions. ZFC and FCH at 100 Oe
have been shown in Fig. 3(a). A clear antiferromagnetic
transitions (TN ) around 50 K is observed in both the ZFC
and FC curve, consistent with previous study26. Curie-
Weiss (C-W) fit (χ = χ0 + C/(T - θCW); where χ0 is the
temperature independent paramagnetic succeptibility, C
the Curie constant related to the effective moment, and
θCW the Weiss temperature) on the 100 Oe field cooled
heating susceptibility data in the temperature range T=
180 - 350 K gives the negative Weiss temperature (θCW
= -6.3 K), which indicates the antiferromagnetic inter-
actions between the Co spins. Effective paramagnetic
moment µeff = 3.9 µB/Co, obtained from the C-W anal-
ysis, resemble quite well with the theoretical value 3.87
µB/Co for high spin Co
2+. Interestingly, the C-W fit
deviates from the experimental 1/χ (T ) versus T curve,
in the form a sharp downturn, from around much higher
temperature of 155 K (see Fig. 3(b)), which is further
supported by the respective first order derivative curves
(see inset of Fig. 3(b)). This kind of signature is usually
attributed to the Griffiths phase singularity40,41, where
short-range (SR) FM clusters42 appear upon cooling, or
equivalently, finite spin-canted clusters get sustained by
a strong basal-plane anisotropy in microscopically phase
separated regions much above the bulk TN
43. A promi-
nent dip in first temperature derivative of magnetic sus-
ceptibility data (see inset of Fig. 3(a)) also supports the
presence of ferromagnetic interaction above Néel temper-
ature of this compound.
In order to further clarify the magnetic ground state
of NCTO, we have conducted neutron powder diffraction
(NPD) at room temperature (see Fig. 1(b)) and below
long range ordering temperature (3 K) (shown in Fig.
3(c)). Low temperature pattern reveals few additional
resolutions limited Bragg peaks (forbidden in the struc-
tural space group) as well as an increase of the intensity
of some nuclear peaks (see the red rectangle box and in-
set of Fig. 3(c)). The additional intensities are observed
only at a lower 2-theta region pointing to their magnetic
origin. All the magnetic reflections can be indexed us-
ing the k =(0.5 0.5 0) propagation vector. The mag-
netic structure has been refined using JANA2006 soft-
ware considering the Shubnikov magnetic space group
P [B]21/m, origin shifted by (1/4, 0, 1/4). We have per-
formed the magnetic structure refinement without con-
sidering long range ordering at the partially occupied Co3
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NPD at 3 K












FIG. 3. (a) ZFC and FCH of NCTO at H = 100 Oe. Inset
shows the first order derivative of χ(T ). (b) Inverse suscep-
tibility data at 100 Oe. Open circle data and red line are
experimental and Curie-Weiss fitted data respectively. In-
set shows the first order derivative of χ−1(T ). (c) Rietveld
refined NPD of NCTO at 3 K. Black open circles represent
the experimental data and red line represents the calculated
pattern. The blue line represents the difference between the
observed and calculated pattern and green lines signify the
position of Bragg peaks. (d) Refined magnetic structure of
NCTO. (e) All Co polyhedra connections with spin structure
which are responsible for long range ordering. (f) Partially
occupied Co polyhedra and spin structure of fully occupied
Co. Red squares are the positions of partially occupied Co
(Co3/Na).
share same site with Na, and random presence of Na at
the Co(3) site hinders the Co(3) ions from participating
in the long range magnetic interactions with the other
two Co-sites. Within this assumption we get a reliable
fitting which shows a canted antiferromagnetic structure
where the spins of fully occupied Co(1-1), Co(1-2), Co(1-
3), and Co(2) are aligned along c axis but canted to-
wards a − b plane (see Fig. 3(d)). Magnetic moment
per Co site (µeff = 3.7 µB/Co), obtained from neutron
refinement, is almost resembles well to the spin only mo-
ment of Co2+ for high-spin configuration (3.87 µB/Co).
Refinement of 3 K data shows that Co spins within the
 















































































FIG. 4. (a) Heat capacity data (violet) and Debye-Einstein
fitting (red line) and inset shows magnetic part of heat ca-
pacity of NCTO. (b) EPR spectra at room temperature (blue
line) and liquid nitrogen temperature (red line).
edge shared Co motifs (two orange and green octahedra)
are directed along c axis but canted within a − b plane,
as depicted in Fig. 3(e). These connectivities satisfy
the Co-O-Co bond angle ∼ 84.8◦ ∼ 96.1◦ of the super-
exchange pathways. On the other hand, spins belonging
to the 1-D zig-zag chains of the corner shared CoO6 oc-
tahedra (see orange and green octahedra in Fig. 3(e))
with the Co-O-Co bond angle of 123.5◦, cause mutually
opposite canted spin alignment. The CoO6 triangular
prisms (pink polyhedra in Fig. 3(e)) also share their cor-
ners with the neighbouring Co motifs creating the bond
angles of 106.1◦ and 155.7◦. These canted antiferromag-
netic spin structures induce antiferromagnetic long range
ordering at 50 K. However, another interesting incident
appears when partially occupied Co(3) is introduced in
the spin structure, as shown in Fig. 3(f). Partial occu-
pancy between Co(3) and Na signifies that Co(3) is dis-
tributed inhomogeneously in the unit cell. As a result,
where Co(3) is present in the unit cell, it is connected
via face sharing with Co(2) trigonal prism, edge shar-
ing with Co(1-1), Co(1-2) and Co(1-3), as shown in Fig.
3(f). The downward deviation from C-W law in the in-
verse susceptibility data, indicating the presence of short
range magnetic correlation, may therefore be attributed
to the magnetic interactions of partially occupied Co(3)
with another neighboring Co ions.
The magnetic transitions were further established by
the zero field heat capacity measurements (Cp versus T ),
as shown in Fig. 4(a). A sharp lambda-like anomaly
has been observed near 50 K, indicating the antiferro-
magnetic transition and it is in agreement with magnetic
susceptibility data. The high temperature part of the
Cp(T ) data has been fitted with a combination of De-
bye and Einstein functions of heat capacity, Cp(T ) =
D̀(ΘD, T )+
∑2
i=1 ξ(ΘEi, T ), where D̀ and ξ are Debye
and Einstein functions, respectively44. Lattice part in the
heat capacity data (Clatt) was determined by extrapolat-
ing the fitted data to low temperature the fitted data in
absence of suitable nonmagnetic sample. The magnetic
contribution to the heat capacity (Cmag) is obtained by
subtracting the lattice component from the total heat ca-
































































FIG. 5. (a) and (b) Temperature dependence of real part
of dielectric constant ε′/ε0 and tan δ loss data of NCTO at
different frequencies. (c) Shows the fitting of the activation
energy corresponding to the dielectric loss.
appears above 50 K in the Cmag versus T curve, shown in
inset of Fig. 4(a), which indicates the presence of short
range magnetic correlations above TN .
To further identify the presence of ferromagnetic clus-
ters in paramagnetic phase of the NCTO sample, we have
performed the electron paramagnetic resonance (EPR)
measurements. The variations of first-derivative EPR
spectra (dP/dH) in the paramagnetic temperature re-
gion (300 K and liquid nitrogen temperature) are shown
in Fig. 4(b). A single symmetric line without any struc-
tural change was observed in room temperature EPR
data (blue line) which signified a typical behaviour for a
normal paramagnetic phase at room temperature. Com-
pared to this room temperature paramagnetic resonance
line, the extra broad hump (highlighted portion) has been
observed in the liquid nitrogen temperature data (red
line) which indicates the presence of some localized fer-
rromagnetic interactions45–47.
Both cooling and heating cycle of the temperature de-
pendence of the dielectric constant (ε′/ε0) and dielectric
loss (tan δ) of NCTO at frequencies from 1 kHz - 1000
kHz in the temperature range of 2 to 300 K are shown in
Figs. 5(a) and (b) respectively. A glass like phase tran-
sition appears near 155 K in the both temperature de-
pendent dielectric constant and loss (tan δ) data, which
shift to higher temperature with increasing frequencies
implying a thermally activated relaxation process. floss
is the frequency corresponding to the peak of the loss
(tanδ) curves at the corresponding temperature T which
are plotted as ln f versus 1000/T plot, as shown in Fig.
5(c). The relaxation shows linear behaviour which can be
fitted to the Arrhenius law f = f0exp(Ea/kBT ), where
Ea is the activation energy, f0 is the pre-exponential fac-
tor and kB is the Boltzmann constant, the fitting reveals



















































































































FIG. 6. (a) Temperature dependence of lattice parameters,
unit cell volume and inverse susceptibility data. (b) Thermal
variation of real part of dielectric constant ε′/ε0 and lattice
parameters. (c) Difference between the thermal variation of
capacitance at applied magnetic field 9 T and zero field.
meV. A sharp anomaly near 155 K in thermal variations
of refined lattice parameters a, b, c and volume of the unit
cell (V ) coincide with temperature dependence of the di-
electric anomaly, as shown in Fig. 6(b), signifying the
correlation between structural distortion and dielectric
anomaly. Due to rather tiny changes in position coordi-
nates across the phase transition, the present Rietveld re-
finements could not conclusively determine the true sym-
metry of low temperature phase. Such difficulties are not
unusual when the lattice distortions are weak6,22. How-
ever, it is interesting to note that the observed anomalies
in a, b, c, and volume at around 155 K coincide with the
magnetic and dielectric anomalies, as can be observed in
Fig. 6(a). Further we study the temperature dependent
capacitance under 9 Tesla magnetic field and zero field
and plot the difference (see Fig. 6(c)). A very small but













15 30 45 60 75
10 K 3T field
 = 1.48 Å

















15 30 45 60 75
10 K Zero field
 = 1.48 Å












































FIG. 7. (a) M versus H data at 2, 10, 30 and 55 K. (b) and
(c) Refined neutron powder diffraction pattern in magnetic
field µ0H = 0 T and 3 T at 10 K, respectively. Black open
circles represent the experimental data and red line represents
the calculated pattern. The blue line represents the difference
between the observed and calculated pattern and green lines
signify the position of Bragg and magnetic peaks. (d) and (e)
magnetic structure of NCTO compound in different magnetic
field µ0H = 0 T and 3 T, respectively. Dark cyan and pink
spheres are Co(1) and Co(2), respectively.
= 9T) and without field data near ∼155 K, as indicated
in Fig. 6(c), signifying the presence of magnetoelectric
coupling in the system. As a result, we can conclude that
structural distortion is responsible for dielectric anomaly.
So, we may comment that short range ferromagnetic cor-
relations develop among the Co(3) spins at around 155 K
which is simultaneously related Co(3) off-centering and
dielectric anomaly at the same temperature.
C. Field induce change in magnetic response
Further, we have measured isothermal magnetization
data (M -H) at different temperature (2, 10, 30 and 55
K), as shown in Fig. 7(a). The M -H curve at 2 K
exhibits a high coercive field (HC = 25 kOe) and non-
saturating behaviour up to 7 Tesla, indicating the pres-
ence of high magnetocrystalline anisotropy within the
predominantly antiferromagnetic interaction. Surpris-
ingly, a sudden jump around 26.5 kOe of applied field in
the 10 K M -H data signifies the presence of metamag-
netic phase transition. The signature of metamagnetism
is also present at 30 K M −H data, but at slightly lower
magnetic field (see Fig. 7(a)). Additionally, this com-
pound shows almost ∼ 9% magneto-caloric effect (MCE)
at applied 16 T magnetic field (Detailed calculation has
been given in Supplementary material).
Furthermore, we have carried out the neutron powder
diffraction under magnetic fields µ0H = 0 T and 3 T at
10 K to ascertain the modification in spin structure be-
yond the metamagnetic phase transition. Neutron pow-
der diffraction data at 3 K and 10 K have been performed
using neutron beam of 2.315 Å and 1.48 Å, respectively.
The reason for choosing higher wavelength neutron beam
was to look for any additional magnetic peak in the low
angle region.
NPD at 10 K for zero and 3 T applied magnetic field
collected at 1.48 Å have been depicted in Figs. 7(b)-
(c). Clear differences are observed in the NPD diffraction
pattern with increasing magnetic field pointing towards
certain change in the magnetic unit cell as well as spin
structure with applied magnetic field. In order to unfold
the origin of all the observed field induced subtle changes
in the NPD data we have first fitted the zero field data
of 10 K using the propagation vector [0.5, 0.5, 0] and
the Shubnikov magnetic space group P [B]21/m, origin
shifted by (1/4, 0, 1/4), which gave the similar kind of
spin structure to the zero filed 3 K data. Interestingly,
attempts to fit the 3 T data using the same propaga-
tion vector [0.5, 0.5, 0] as zero field failed to capture all
the extra peaks generated under the externally applied
magnetic fields. On the other hand, systematic changes
in the recorded magnetic peak intensities with increasing
applied magnetic field have been quite well captured by
assuming the [0, 0, 0] propagation vector. The magnetic
structures of the 3 T data have been refined considering
the Shubnikov magnetic space group P63′/m, as shown
in Figs. 7(c), and got quite satisfactory fitting. Conse-
quently, the magnetic unit cell and the respective spin
structures (obtained from the refinement) for zero and
3 T applied magnetic field have been illustrated in Figs.
7(d)-(e). The depicted field-induced changes in the spin
structures (see Figs. 7(d)-(e)) clearly demonstrate the
spin-flop transition mechanism upon applied magnetic
fields to be responsible for the observed metamagnetic
transition in M − H curve (see Fig. 7(a)) of this sys-
tem. The refined values of the Co magnetic moments are
3.8 and 3.9 µB for the zero and 3 T field respectively,
which clearly indicates that moment value increases with
increasing applied magnetic field.
IV. CONCLUSION
We have reported the results of structural, magnetic
and dielectric properties in details. XRD and NPD re-
veal that among the Co polyhedra, partially occupied
Co(3) becomes larger due to the greater ionic radius of
8
Na+. According to BVS calculation, this polyhedra does
not satisfy the valency of that Co(2+). Therefore, to
maintain the proper oxidation state of Co, local symme-
try of the Co(3) polyhedra should be modified. From
the low temperature magnetic spin structure, we can say
that partially occupied Co create a ferromagnetic clus-
ter in the system which help to change the polyhedra of
that Co. Magnetic heatcapacity and EPR data also say
the presence of short range magnetic correlation above
Néel temperature. Therefore, an anomaly due to short
range magnetic correlation coincides with the temper-
ature dependent lattice parameter as well as dielectric
anomaly. A very small but significant changes in be-
tween the with field (H = 9T) and without field data near
∼155 K signify the presence of magnetoelectric coupling
in the system. As a result, we may conclusively state
that the appearance of magnetoelectric coupling in this
compound aries from the local off centering of Co(3) cen-
tres, caused due to the developed short range magnetic
correlations among the Co(3) spins. In addition, isother-
mal magnetization as well as magnetic field dependent
NPD clearly affirm that spin flop transition with increas-
ing magnetic field causes metamagnetic phase transition.
However, our results introduce another short range mag-
netic correlation driven multiferroic system as well as a
spin flop metamagnetic candidate.
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